Since birth dimensions have prognostic potential for later development and health, possible associations between neonatal birth dimensions and selected maternal plasma fatty acid contents were investigated, using data from 782 mother -infant pairs of the Maastricht Essential Fatty Acid Birth cohort. Unadjusted and multivariable-adjusted regression analyses were applied to study the associations between birth weight, birth length or head circumference and the relative contents of DHA, arachidonic acid (AA), dihomo-g-linolenic acid (DGLA) and 18 : 1trans (18 : 1t) in maternal plasma phospholipids sampled during early, middle and late pregnancies, and at delivery. Where appropriate, corrections were made for relevant covariables. Significant 'positive' associations were observed between maternal DHA contents (especially early in pregnancy) and birth weight (B ¼ 52·10 g, 95 % CI 20·40, 83·80) and head circumference (B ¼ 0·223 cm, 95 % CI 0·074, 0·372). AA contents at late pregnancy were 'negatively' associated with birth weight (B ¼ 244·25 g, 95 % CI 268·33, 220·16) and birth length (B ¼ 20·200 cm, 95 % CI 20·335, 2 0·065). Significant 'negative' associations were also observed for AA contents at delivery and birth weight (B ¼ 2 27·08 g, 95 % CI 2 47·11, 2 7·056) and birth length (B ¼ 20·207 cm, 95 % CI 20·330, 20·084). Maternal DGLA contents at delivery were also significantly 'negatively' associated with neonatal birth weight (B ¼ 2 85·76 g, 95 % CI 2130·9, 2 40·61) and birth length (B ¼ 20·413 cm, 95 % CI 20·680, 20·146). No significant associations were observed for maternal 18 : 1t contents. We conclude that during early pregnancy, maternal DHA content may programme fetal growth in a positive way. Maternal AA and DGLA in late pregnancy might be involved in fetal growth limitation.
Increasing evidence suggests that birth dimensions have prognostic values for later development and health. Indeed, birth weight and birth length have been shown to be associated with later cardiovascular risk (1) , whereas head circumference at birth seems a significant predictor of later intelligence (2) . Although the causality of these associations has not yet been demonstrated, fetal growth should be optimised.
The essential long-chain PUFA (LCPUFA), DHA (22 : 6n-3) and arachidonic acid (AA, 20 : 4n-6), are thought to be of critical importance for brain development and fetal growth, respectively (3, 4) . Therefore, the availability of DHA and AA to the fetus needs to be adequate. To obtain these fatty acids, fetuses depend on their mothers, as is indicated by the positive correlation between the maternal and neonatal LCPUFA status at birth (5 -7) . Mothers receive the LCPUFA mainly from their diet or synthesise them from their respective precursors (8) .
Dietary trans fatty acids are unsaturated fatty acids with at least one double bond in the trans configuration. They mainly result from industrial hydrogenation of edible oils and cannot be synthesised by humans (9) . As is the case for LCPUFA, maternal and neonatal trans fatty acids are positively correlated (10, 11) , indicating that the neonatal trans status is also determined by the maternal trans intake. Dietary trans unsaturated fatty acids have been shown to inhibit the conversion of parent essential fatty acids into their LCPUFA, especially when the essential fatty acids contents are low (12, 13) . They may also impair placental LCPUFA transfer (14) . Thus, trans fatty acids may lower the fetal LCPUFA status, and thereby they could compromise fetal development.
Recently, the term birth weight appeared to be positively associated with most maternal n-3 LCPUFA proportions early in pregnancy (15) . The relationship with maternal AA contents was found to be negative. Interestingly, maternal contents of the AA precursor dihomo-g-linolenic acid (DGLA, 20 : 3n-6) is positively related to the term birth weight. The birth-weight relationship with elaidic acid (the main dietary trans fatty acid, 18 : 1n-9trans) was negative in unadjusted analyses, but this association lost significance after adjustment for covariables.
The aim of the present study was to extend and confirm these findings with three birth outcome measures (birth weight, birth length and head circumference at birth) and maternal plasma fatty acid proportions from four different sampling times (about 16, 22 and 32 weeks of pregnancy, and immediately upon delivery), available from a different birth cohort.
Subjects and methods

General design of the study
On the basis of distinct inclusion criteria, relevant data (dependent variables, independent variables and covariables) of eligible mothers and their infants were extracted from the database of the Maastricht Essential Fatty Acid Birth (MEFAB) cohort. This database contains the data of pregnant women and their newborns who participated in several observational studies, conducted in our institute between 1990 and 1997 (6, 16) . In short, three antenatal clinics located in The Netherlands participated and recruited pregnant women at their first antenatal medical visit. Selection criteria for inclusion were gestational age of , 16 weeks at study entry, singleton pregnancy, Caucasian race, diastolic blood pressure ,90 mmHg and the absence of any metabolic, cardiovascular, neurological or renal disorder at the time of recruitment. Approval for these studies was obtained from the Medical Ethics Committee of the University Hospital Maastricht and the University of Maastricht, and all participating women gave their written informed consent. Unadjusted and multivariable-adjusted linear regression analyses were conducted to study the associations between relative DHA, AA, DGLA and 18 : 1trans (18 : 1t) contents in phospholipids of maternal plasma, collected at approximately 16, 22 and 32 weeks of pregnancy, and directly after delivery (independent variables), and the birth outcome measures birth weight, birth length or head circumference (dependent variables). In multivariableadjusted analyses, these relationships were corrected for relevant covariables.
Inclusion of participants
For the present study, clinical data of 1238 mothers and their infants were available in the MEFAB database. The mother-infant pairs were excluded if infants were born preterm (gestational age , 37 weeks, n 90), mothers had diabetes (n 35) or developed pregnancy-induced hypertension (n 96), mothers had reported specific health problems in the past (e.g. diabetes mellitus, hypertension and heart, kidney, liver, gall bladder or thyroid gland disorders, n 128), one or both parents were non-Caucasians (n 40) or values for any of the afore-mentioned exclusion criteria were missing (n 73). The mother-infant pairs were also excluded if fatty acid analyses were not reported (n 148) or values were missing for birth weight, birth length and head circumference (n 3). After exclusion, the data of 782 mother-infant pairs were left for analysis.
Birth dimensions and fatty acid profiles
Local hospital staff members recorded birth weight, birth length and head circumference on standardised datasheets. Maternal venous blood samples were collected in EDTA tubes at about 16, 22 and 32 weeks of pregnancy, and immediately after delivery. The plasma was separated from the blood cells by centrifugation (2000 g, 48C, 15 min) and stored under nitrogen at 2 808C until analysis. The fatty acid composition of plasma phospholipids was determined by GLC, as described previously (17) . The separation of the various 18 : 1t isomers was incomplete; therefore, they are reported together as 18 : 1t. The fatty acids are expressed as relative contents (percentage by weight of the total amount of identified fatty acids).
Covariables
Maternal age (18) , height and BMI [weight (kg)/height (m 2 )] at study entry (19) , parity (20) , smoking and drinking during pregnancy (21) , weight increase during pregnancy (22) , socio-economic status (income) (23) , gestational age (19) and infant sex (24) were included in the multivariable-adjusted analyses as potential confounding factors. These data were retrieved from the original study questionnaires and medical records. In the multivariable-adjusted regression analyses, two dummy variables for parity were used, one for parity ¼ 1 and the other for parity $ 2, with parity ¼ 0 as a reference category.
Smoking and drinking during pregnancy were both categorised as 0 ¼ no and 1 ¼ yes and infant sex as boy ¼ 0 and girl ¼ 1. Exact information on socio-economic status was not available. Therefore, parental socio-economic status was measured by proxy, using 'income' as an socio-economic status indicator, based on the parental postal code at the time of delivery (Geomarktprofiel; Wegener DM, Nieuwegein, The Netherlands). This information was classified into five groups ranging from 1 (twice or more modal income) to 5 (minimum income); socio-economic status values in the categories unknown (0) and diverse (6) were omitted and thus reported as missing values. Gestational age at birth was calculated from the self-reported first day of the last menstrual period. If the last menstrual period was uncertain, gestational age was based on early ultrasound measurements.
Statistical analyses
Associations between various birth outcome measures and the maternal fatty acid contents of interest were analysed with unadjusted and multivariable-adjusted linear regression analyses. In these analyses, birth weight, birth length and head circumference were the dependent variables and the relative proportions of the maternal fatty acids DHA, AA, DGLA and 18 : 1t measured in plasma phospholipids were the independent variables. In the multivariable-adjusted models, the four fatty acids were included simultaneously to allow for their usual metabolic interactions (3, 8) . Furthermore, since fatty acids are reported in relative contents, any change in the proportion of one fatty acid will result in a change in the proportions of the other fatty acids included in the analysis. Maternal age, height, BMI at study entry, parity, weight increase during pregnancy, socio-economic status (income), smoking and drinking habits during pregnancy, gestational age and infant sex were included as potential confounders. Before starting the analyses, outliers (^4 SD outside the mean) of the dependent variables were removed and the normality of their distributions was checked and confirmed by histograms.
Unadjusted regression analyses were performed with the same subjects as included in the corresponding multivariable-adjusted regression analyses. These twelve regression analyses (three dependent variables and fatty acid contents at four time points) were performed in subjects with complete datasets for all (co)variables included in each of the respective regression models. Because of occasionally missing observations, the number of cases for analysis was limited. Ultimately, to remove irrelevant covariables (and thereby increase the number of available cases, see later), stepwise-backward multivariable-adjusted regression analyses were performed for each of the twelve birth outcome-fatty acid combinations. Starting with the full multivariableadjusted model, the covariable with the highest P value was removed. If this removal resulted in a change in the B value of 10 % or more for at least one of the four fatty acids included (DHA, AA, DGLA and 18 : 1t), and if this change amounted to 20 % or more of the standard error of this B value, then this variable was considered a confounder and retained in the regression model, even if it was not significant (P$ 0·050) (25) . If the removal of the covariable resulted in a smaller change in the B values for all the four fatty acids included and/or in their standard errors, then its removal was permanent. Subsequently, this procedure was repeated with the covariable with the next largest P value and so on, until the remaining covariables were either significant (in which case they are called 'predictors') or characterised as confounders. For each particular birth outcome-fatty acid combination, these various steps were performed with the same dataset. However, since the removal of the irrelevant covariables implied less missing values and, consequently, a larger number of cases available for analysis, the ultimate regression analyses were finally repeated with the maximum number of complete cases available for that birth outcome-fatty acid combination.
To check whether the relationships between dependent and independent variables are comparable for the added cases and the initial study population (a prerequisite for acceptance of this procedure), interaction analyses were performed. To this end, two new variables were introduced into the final regression model. The first variable, named A, was coded '0' for cases from the initial (full) model and '1' for the cases that were added after the deletion of the irrelevant covariables. The second variable was the interaction term, calculated as 'the respective independent fatty acid variable £ variable A'. The significance of this interaction term (P,0·010, to correct for multiple testing) implies that the regression models are fundamentally different for both sets of cases. In that case, the final model with the larger number of cases could not be accepted. Since these interaction analyses revealed no significant differences between initial and additional cases, all the final backward models could be approved. To check possible influential cases in the regressions, all data points were checked by calculating their Cook's distance and removed if this value was $1. Such influential data points were not observed, however.
For the regression analyses, P, 0·010 were considered statistically significant, to correct for multiple testing. P, 0·050 was considered to indicate a (non-significant) trend. The values are reported as median (25th-75th percentile), unless specified otherwise. All statistical analyses were performed using SPSS 11.5 for Windows (SPSS Inc., Chicago, IL, USA).
Results
A total of 782 mother-infant pairs were enrolled in the present study. Their relevant characteristics are listed in Table 1 . The relative contents (%, w/w) of the four maternal plasma phospholipid fatty acids of interest are reported in Table 2 .
In Tables 3 -5 , the results of the unadjusted, multivariableadjusted and final backward regression analyses are shown.
Relationship between maternal 18 : 1trans contents and birth dimensions
None of the associations between relative maternal 18 : 1t contents and birth weight, birth length or head circumference reached statistical significance or indicated a trend (results not shown). In addition, the backward regression analyses demonstrated that for none of the twelve birth outcomefatty acid combinations, 18 : 1t was either a predictor or a confounder. Since a considerable number of 18 : 1t values were missing from the database, which lowered the number of cases and, consequently, the power of the regression, it was decided to remove 18 : 1t from the dataset and to restrict further analyses to the combination of the three LCPUFA, DHA, AA and DGLA. This decision appeared justified after the last check, demonstrating that also in the final backward analyses with the three LCPUFA included, 18 : 1t was neither a confounder nor a predictor (data not shown). Birth weight, birth length and head circumference were normally distributed and are therefore expressed as mean and standard deviation. The distributions of the other characteristics were not checked for normality and are therefore given as median (25th-75th percentile). * Ranges from minimum (5) to $ 2 £ modal (1).
Relationship between maternal DHA contents and birth dimensions
Unadjusted regression analyses revealed significant positive relationships between maternal DHA contents at week 16 of pregnancy and birth weight and head circumference (Table 3) . After entering all covariables, these associations remained significant. After the removal of irrelevant covariables by the stepwise-backward procedure, the final models explained 37·5 and 20·0 % of the variability in birth weight and head circumference, respectively. The contributions of DHA stayed significant, explaining 1·0 and 1·4 % of these variabilities, respectively.
For birth length, unadjusted regression analyses revealed a significant positive association with maternal DHA, measured at 32 weeks of pregnancy. This association just lost significance after adjustment for relevant covariables. The relationships between birth length and DHA proportions measured at 16 and 22 weeks were of the same order of magnitude, but they only showed non-significant positive trends in unadjusted analyses as well as after adjustment for relevant covariables.
None of the birth outcome variables were significantly associated or showed trends with DHA values measured at delivery.
Relationship between maternal arachidonic acid contents and birth dimensions
No significant associations were observed in unadjusted analyses between AA contents in maternal plasma phospholipids and birth outcome variables (Table 4) . After adjustment for covariables, associations with neonatal head circumference hardly changed and remained insignificant. The adjustment 'did' enhance most associations of birth weight and birth length with maternal AA proportions at 16 and 22 weeks of pregnancy, but only non-significant negative trends became apparent between maternal AA contents at 16 and 22 weeks of pregnancy and birth weight and between AA contents at 22 weeks of pregnancy and birth length. When related to maternal AA proportions in late pregnancy (week 32) and at delivery, however, 'significant' negative relationships were observed. The significant final multivariable-adjusted backward models (with only relevant covariables included) explained, respectively, up to 36·8 and 28·7 % of the variability in birth weight and birth length, up to 1·5 % of which was due to the contribution of AA.
Relationship between maternal dihomo-g-linolenic acid contents and birth dimensions
Unadjusted regression analyses did not demonstrate any significant relationship between maternal DGLA contents and birth outcome variables (Table 5 ). However, after adjustment for only the relevant covariables, a negative trend was found for the relationship between maternal DGLA proportions at 32 weeks of pregnancy and birth weight. After full adjustment, the maternal DGLA content at delivery was significantly and negatively associated with neonatal birth weight. The complete model explained about one-third (34·2 %) of the variability in birth weight, 1·4 % of which was contributed by DGLA. After the removal of the irrelevant covariables by the stepwise-backward procedure, the final model explained 36·7 % of the variability in birth weight and the contribution of DGLA (1·5 %) remained significant. For the association between maternal DGLA proportions at delivery and neonatal birth length, comparable results were obtained. The full multiple regression model explained 26·9 % of the variability in birth length with an almost significant contribution of 0·8 % from DGLA. This contribution increased to 1·3 % and became significant after the removal of irrelevant covariables by the backward regression analysis.
Other associations between birth outcome variables and maternal DGLA contents were not significant and no trends were found either.
Discussion
In the present study, with the data of mother -infant pairs present in the MEFAB database, we observed that the plasma phospholipid DHA contents of mothers, especially when measured early in pregnancy, were significantly and 'positively' related to birth weight and head circumference of their neonates, whereas maternal AA and DGLA proportions in late pregnancy were 'negatively' related to birth weight and birth length. No significant associations were observed for maternal contents of 18 : 1t, a group of industrial trans unsaturated fatty acids present in the diet.
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For explanations of symbols, see Table 3 . Table 5 . Unadjusted and multivariable-adjusted (backward) regression analyses of the relationships between birth outcome variables and dihomo-g-linolenic acid contents in phospholipids of maternal plasma, collected at different times during pregnancy and at delivery Pregnancy duration (weeks) Birth outcome n R
For explanations of symbols, see Table 3 . covariables (7, 26, 27, 30, 31) . Furthermore, most observational studies were restricted to relationships with maternal fatty acids in late pregnancy, whereas we observed significant associations with maternal DHA contents early in pregnancy only. This finding suggests a fetal growth-programming potential of maternal DHA, especially, early in pregnancy, which (if confirmed) could imply that DHA supplementation after this period may not significantly affect birth dimensions anymore. Indeed, as initially observed by Olsen et al. (32) and recently confirmed by a meta-analysis containing five additional randomised controlled trials, no significant effects on birth weight or birth length are observed when n-3 LCPUFA is supplemented from 15 to 30 weeks of pregnancy onwards (33) . The present results agree with those of van Eijsden et al. who observed a significant positive correlation between DHA proportions measured in maternal plasma phospholipids at 13 weeks of pregnancy and birth weight. However, this association lost significance after adjustment for covariables (15) . It should be mentioned that, when compared with our volunteers, their (multi-ethnic) population had relatively high DHA values, and the association they observed was mainly present at the lower range of the DHA distribution.
Previous observational studies suggested that AA has growth-promoting effects early in life in both preterm (34, 35) and term neonates (7, 36, 37) . By contrast, we observed negative associations between AA contents in maternal plasma phospholipids and neonatal birth weight and birth length. Although present throughout pregnancy, these associations were only significant at late pregnancy and directly after delivery, which suggests the involvement of AA in fetal growth limitation. These results confirm earlier observations of van Eijsden and co-workers that higher AA proportions in plasma phospholipids of women at about 13 weeks of pregnancy are significantly related to lower birth weights of their neonates (15) . At 16 weeks of pregnancy, the negative association we observed in the present study for birth weight was not quite significant (P¼0·037), which may have been due to the smaller study population (n 665), compared with the study of van Eijsden (n 3706).
In general, maternal plasma contents of DGLA, the precursor of AA, were negatively associated with birth weight and birth length after correction for relevant covariables. Although not significant for fatty acid proportions early in pregnancy, the associations became significant as pregnancy progressed. From the literature, hardly anything is known about the possible association between maternal DGLA contents and birth outcome. In their (uncorrected) study, Elias and Innis did not observe a significant relationship with DGLA contents measured in maternal plasma phospholipids, TAG or cholesteryl esters at 35 weeks of pregnancy for birth weight and birth length (7) . It should be mentioned that in the present study, significant results for DGLA were observed only after correction for relevant covariables. van Eijsden and co-workers found a significant 'positive' association between maternal DGLA proportions, measured early in pregnancy, and birth weight in unadjusted and multivariable-adjusted analyses (P, 0·010) (15) . Although we tested several possible scenarios, we were unable to reconcile these contrasting results.
In agreement with the inhibitory effect of trans unsaturated fatty acids on the endogenous LCPUFA synthesis from their essential fatty acids precursors and on their placental transfer (12 -14) , 18 : 1t contents in maternal plasma phospholipids were found significantly and negatively associated with maternal DHA and AA proportions measured during pregnancy and directly after delivery (data not shown). Despite the rather strong relationships (P# 0·011) and the significant associations we observed between maternal LCPUFA contents and birth dimensions, associations between maternal 18 : 1t proportions and the various birth outcome variables were not significant. This might be partly explained by the rather low 18 : 1t contents in the plasma phospholipids of the present study population (Table 2) , resulting in a narrow exposure range, which usually impedes the detection of any association. As in the (unadjusted) analyses of Elias and Innis, the trans fatty acid proportions were also not significantly related to infant birth weight and birth length (7) , it seems that any potential effect of industrial trans unsaturated fatty acids is either small or non-existing.
One of the strengths of the present study is that the plasma for fatty acid content measurement was collected at several time points during pregnancy and directly after birth. This allowed us to investigate the associations of these fatty acids with birth dimensions from early pregnancy onwards until and including delivery. Second, the database of this cohort contains a relatively large number of maternal and neonatal covariables. However, as with all observational studies, residual confounding cannot be ruled out and it is not possible to decide whether or not the associations observed are causal.
Even though significant correlations existed between DHA, AA, DGLA and 18 : 1t, we regarded it justified to include them in the multivariable-adjusted analyses together, because the correlation coefficients between these fatty acids were # 0·4. In addition, the multicollinearity checks revealed a tolerance value of . 0·1 and a variance inflation factor of , 10, which allowed us to make this decision (38) . By including the fatty acids simultaneously, it was first possible to take into consideration their metabolic interactions (3, 8) . Second, since fatty acid contents are reported in proportions, any change in the proportion of one fatty acid will result in a change in the relative proportions of the other fatty acids included in the analysis.
To check whether confounding was present and in what direction it worked, the same subjects were used in the unadjusted as well as the multivariable-adjusted regression analyses. When unadjusted regression analyses were performed with the maximum number of cases available, the associations were considerably more significant than those reported in Tables 3-5 (data not shown).
The present results support earlier suggestions (15) that differences in maternal LCPUFA contents (irrespective of their causes) can have a significant impact on neonatal birth dimensions. Moreover, the present results can be taken to indicate that maternal DHA contents may programme fetal growth in a positive way, whereas maternal AA and DGLA contents later in pregnancy might be involved in fetal growth limitation. If these associations prove to be causal, they imply that birth dimensions can be optimised by the adaptation of the maternal LCPUFA intake during pregnancy, because circulating proportions of LCPUFA depend, at least partly, on the LCPUFA intake. Thus, intervention studies clearly demonstrated that plasma contents of DHA, AA and DGLA, as well as their proportions, can be modified by changing the consumption of these LCPUFA or their precursors (8,39 -41) , although non-dietary factors can also play a modulating role (42 -44) . Therefore, randomised clinical trials are needed to test the causality of the associations observed and to find the ideal maternal LCPUFA status for optimum fetal growth and infant development. As it is known that maternal and neonatal essential fatty acid contents are positively related with each other (5, 6, 17) , such intervention studies would be especially appropriate if it can be confirmed that associations with birth dimensions, as observed in the present study for maternal LCPUFA contents during pregnancy, also exist for neonatal LCPUFA contents at birth. These studies are now underway.
